Objective-While substantial literature has reported regional cerebral blood flow (rCBF) abnormalities in adults with depression, these studies commonly necessitated the injection of radioisotopes into subjects. The recent development of arterial spin labeling (ASL), however, allows for noninvasive measurements of rCBF. Currently, no published ASL studies have examined cerebral perfusion in adolescents with depression. Thus, the aim of the present study was to examine baseline cerebral perfusion in adolescent depression using a newly developed ASL technique: pseudocontinuous arterial spin labeling (PCASL).
Introduction
Major depressive disorder (MDD) is associated with significant morbidity and mortality, and is one of the leading causes of disability in the United States, 1 with incidence rates rising dramatically after puberty. 2 The estimated lifetime prevalence of MDD in adolescents is over 15%, 3 with a two-to fourfold risk of depression continuing into adulthood. 4 Given the severity and pervasiveness of this disorder, understanding the underlying neural mechanisms involved in adolescent MDD is critical to developing early interventions and improving current treatments.
Functional neuroimaging studies have provided key insights into the neurobiological circuitry of MDD. Much of this earlier work measured baseline cerebral blood flow (CBF) and glucose metabolism using positron emission tomography (PET) and single photon emission computer tomography (SPECT) in adults with depression. [5] [6] [7] [8] [9] Both PET and SPECT, however, are highly invasive, less widely available, and notable more expensive due to having radioactive material as imaging agents, thus making these methods not appropriate for pediatric psychiatry research. 10 Consequently, functional magnetic resonance imaging (fMRI) utilizing blood oxygenation level dependent (BOLD) and arterial spin labeling (ASL) techniques has become an increasingly popular tool for noninvasively measuring brain activation in neuropsychiatric populations (for reviews on these two methods, see Detre et al., 2009 ; 11 Greicius, 2008 ; 12 Brown et al., 2007 ; 13 Fox and Raichle, 2007 14 ) .
Resting state fMRI studies of adults with depression [15] [16] [17] [18] [19] [20] [21] and adolescents [21] [22] [23] have examined functional connectivity patterns (i.e., temporal correlations in blood-oxygen-leveldependent [BOLD] signal) among brain regions during periods of rest. In these studies, adult MDD appears to be associated with altered functional connectivity in fronto-limbic, 19 fronto-striatal, 16 cingulate-limbic, 15, 17, 18, 21 and limbic-paralimbic 20 networks. Similarly, resting state functional connectivity studies in adolescents [21] [22] [23] with MDD have observed aberrant connectivity between portions of the subcallosal cingulate and prefrontal, [21] [22] [23] limbic, and paralimbic sites. 22, 23 These results suggest that MDD is an illness with a distributive effect over the executive and affective networks of the brain. However, while functional connectivity analyses of BOLD resting state data can be used to identify intrinsic networks of the brain and how connective strengths within and across such networks change with depression, 12, 14 these assessments are nevertheless based on correlations between BOLD time series. 10, 12 The BOLD signal itself is a relative measure that is also dependent on vascular factors such as blood flow and blood volume, which can further confound interpretation. 10 Thus, even though BOLD resting state functional connectivity can reveal which correlations between brain regions or networks may be abnormal in patients with depression, it cannot provide in absolute, physiological terms which brain regions specifically are dysfunctional during depression. 10, 12, 24 The ASL signal, on the other hand, is derived from the subtraction of tagged (via magnetically labeled arterial water) and control images that is directly proportional to perfusion changes (for reviews on ASL methodology, see Detre and Wang, 2002 ; 10 Bokkers et al., 2010; 25 Borogovac and Asllani, 2012 26 ). Hence, one methodological advantage of ASL over BOLD techniques is that it can provide an absolute estimate of regional CBF (rCBF) in physiological units (milliliters of blood per 100 grams of tissue per minute). 11, 25 The benefit of obtaining an absolute physiological measurement like rCBF is that it could complement brain measures from other imaging modalities, such as BOLD fMRI, which are sensitive to blood flow. Additionally, perfusion patterns hold promise as objective biomarkers for tracking illness progression, pharmacological effects, and developmental brain maturation in a variety of neuropsychiatric and developmental disorders. 13, 26 Assessing whether rCBF patterns deviate significantly from the norm in at-risk groups could also potentially aid in early diagnosis, intervention, and prevention. 27 Moreover, several of the working models of adult depression that have led to the advancement of innovative treatments are based on PET studies. 6, [28] [29] [30] [31] [32] It is therefore important to compare these findings with analogous measures in youth with depression to generate similar models that could lead to the development of further treatment options for adolescent MDD. Thus, the ability of ASL to quantify an absolute physiological measurement like PET, 11, 25 yet to do so noninvasively makes it an exceptionally powerful tool for investigating brain differences between pediatric psychiatric and healthy populations. 10 To our knowledge, there are currently no ASL-based studies examining cerebral perfusion in adolescent depression. ASL studies of adult MDD have noted perfusion differences in fronto-limbic-cingulate-striatal networks, but have reported both increased and attenuated rCBF perfusion, particularly in the limbic, paralimbic, and striatal areas. [33] [34] [35] [36] These disparate results are further complicated by the fact that these studies recruited primarily medicated patients. [33] [34] [35] [36] Different antidepressants could have augmenting or abating effects on rCBF, hence obscuring inferences about the baseline perfusion profiles of MDD. [37] [38] Applying ASL techniques in medication-naïve individuals with depression may therefore help resolve the inconsistencies in the extant literature and determine whether hyper-or hypoperfusion is indeed a potential biomarker of adolescent MDD.
Our study was therefore designed to compare rCBF patterns in a sizeable group of nonmedicated MDD and well-matched healthy control (HCL) adolescents. The current study is notable for at least three reasons. Firstly, this is at present the only ASL study of adolescent depression. Secondly, all of the adolescents with depression in our study met full criteria for MDD, were medication naïve, and were diagnosed with minimal comorbidities at the time of scanning. Lastly, we employed a novel ASL method-pseudocontinuous arterial spin labeling (PCASL)-that optimizes tagging efficiency, 39 yields relatively high quality CBF images, and is capable of being implemented on clinical scanners. 40, 41 We conducted a voxel-based whole brain analysis in order to compare rCBF levels between both groups. Given the contrary perfusion results within the limbic, paralimbic, and striatal regions in studies on adults with depression, 5-9, 15-18 we also performed a region-of-interest (ROI) analysis specifically targeting the amygdala, insula, and striatum. These structures have been shown in a variety of fMRI studies [42] [43] [44] [45] to be heavily involved in affective processing and emotional regulation, and as such, theorized to be principal nodes within network models of depression and thus, motivating our ROI analyses. 7 Despite developmental differences between adults and adolescents, clinical and neurobiological studies have suggested some continuity between adolescent and adult MDD. 46 Given the current paucity of perfusion studies on adolescent MDD, our hypotheses are driven primarily by PET and ASL work in adult depression. [5] [6] [7] [8] [9] [33] [34] [35] [36] Based on these data, MDD is thought to be characterized by abnormalities in frontal areas supporting executive functioning and in limbic, paralimbic, and cingulate regions supporting affective processing 7 -particularly, the amygdala, insula, and anterior and subcallosal cingulatewith the most consistent findings across the literature being abnormal frontal hypoperfusion and subcallosal cingular hyperperfusion in MDD. [5] [6] [7] [8] [9] [33] [34] [35] [36] We therefore hypothesized that these areas would exhibit significant differences in rCBF levels between MDD and HCL adolescents and more specifically, that adolescents with MDD would exhibit frontal hypoperfusion and subcallosal cingular hyperperfusion.
Method Subjects
Fifty-one right-handed adolescents (ages 13-17 years old) participated in the study: 25 adolescents with a current primary DSM-IV diagnosis of MDD (age: Mean ± SD: 15.98 ± 1.5 years; 7 males) and 26 HCL adolescents (16.42 ± 1.0 years; 7 males). Subject groups were equivalent on major demographic variables (see Table S1 , available online, or Results for more details). This study was approved by the Institutional Review Boards at the University of California-San Diego, the University of California-San Francisco, Rady Children's Hospital, and the County of San Diego.
Adolescents with depression were recruited from adolescent psychiatric and primary care clinics in San Diego, while healthy controls were recruited from the same geographic area via e-mail, internet, or flyers. Male and female adolescents from all ethnicities were eligible to participate. All participating adolescents provided written informed assent and their parents/legal guardian(s) provided written informed consent in accordance with the Declaration of Helsinki. All participants received financial compensation.
The Schedule for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime Version (KSADS-PL) 47 was administered to all potentially adolescents with depression. All KSADS-PL diagnoses were determined by a board certified child and adolescent psychiatrist. All MDD subjects in the study met full criteria for a primary diagnosis of MDD and were excluded if they had a primary psychiatric diagnosis other than MDD. None of our MDD subjects were diagnosed with a comorbid disruptive disorder. However, due to the high rate of comorbidity of MDD with anxiety, subjects with a past or present comorbid anxiety disorder were allowed to participate (see Table S2 , available online, for a summary of the comorbidities in the MDD group). At the time of scanning, all MDD subjects were fully symptomatic and medication naïve.
The computerized Diagnostic Interview Schedule for Children 4.0 48 and the Diagnostic Predictive Scale 49 was used to screen for the presence of any Axis I diagnoses in the HCL adolescents.
In addition to completing forms on basic demographics and general medical and developmental history, all subjects completed the following within three days of their scan session: Edinburgh Handedness Inventory 50 , Customary Drinking and Drug Use Record, 51 Family Interview for Genetics Studies, 52 Tanner Stage, 53 Wechsler Abbreviated Scale of Intelligence (WASI), 54 Beck Depression Inventory-II (BDI-II), 55 Children's Depression Rating Scale-Revised (CDRS-R), 56 Children's Global Assessment Scale (CGAS), 57 and Multidimensional Anxiety Scale for Children (MASC). 58 With the exception of the CDRS-R and CGAS, all other measures were self-report. One subject (HCL) failed to provide information for the MASC and was therefore not included in any statistical analyses involving this measure. Given the high proportion of participants in the study whose first language was not English, we measured IQ solely on the basis of the performance measure of the WASI.
Exclusionary criteria for the adolescents with MDD included the following: 10. Left-handedness HCL adolescents were excluded from the study for any of the exclusionary criteria for the MDD group, as well as any current or lifetime Axis I psychiatric disorder, any family history of mood or psychotic disorders in first-or second-degree relatives, or a CDRS-R tscore higher than 54.
Image Acquisition
All scanning was carried out on a General Electric Discovery MR750 3T scanner (Milwaukee, WI) at the University of California-San Diego. All subjects were instructed to relax and remain awake but motionless during scanning. A fixation cross was displayed on a large screen that was viewed through a small, angled mirror; however, no eye tracking was recorded. Subjects were monitored by video and reminded before the start of the experimental session and in between each scan to remain as still as possible.
The mechanism used in standard PCASL scans to magnetically tag arterial blood is accomplished by applying a series of radiofrequency (RF) pulses and slice selective gradients. 41 However, when there is a mismatch between the phase of successive RF pulses and the phase evolution of flowing spins in the blood (known as the phase tracking error), the efficiency of this tagging process can greatly deteriorate, which in turn can lead to highly inaccurate estimates of CBF. [59] [60] Thus, we used a series of prescans to measure and minimize the phase tracking error so that the baseline ASL data could be acquired with optimal tagging efficiency and hence, a more precise measurement of CBF. 39 The technical details of this PCASL method are beyond the scope of the current paper and are published elsewhere. 39 The following is a brief summary of the MRI acquisition steps in sequential order (see also Figure 1A ). The coordinates of the tagging plane and the feeding arteries (specifically, the right carotid artery, left carotid artery, and vertebral artery) were saved into a configuration file. The coordinates of the tagging plane were used for setting the tagging plane in all subsequent ASL scans, while the coordinates for the feeding arteries were used by the vessel-encoded ASL scan (described next) for spatial vessel encoding. The second pre-scan employed vessel-encoded ASL [61] [62] [63] (TR=3200ms,  TE=3 .17ms, flip angle=90°, tag duration=2000ms, post labeling delay=400ms, scan time=1:36min) and used the spatial coordinates of the feeding arteries to generate regional masks of the vascular territories ( Figure 1B ). The final pre-scans involved up to 2 multiphase PCASL (MP-PCASL; TR=3200ms, TE=3.17ms, flip angle=90°, tag duration=2000ms, post labeling delay=400ms, scan time=1:40min) scans using 8 radio frequency phase offsets to estimate the phase tracking errors in each of the arterial territory masks acquired from the previous vascular territory imaging scan ( Figure 1C ). [59] [60] Note that the first MP-PCASL scan was used to measure the uncorrected phase errors while the second MP-PCASL scan was to verify that the errors were minimized after modulating the RF phase and in-plane gradients to the PCASL pulse train. If the phase tracking errors from the first MP-PCASL scan were less than 20°, then the second MP-PCASL scan was skipped, as modifications to the PCASL pulse train were not needed ( Figure 1C ). The optimized global RF phase and in-plane gradients determined by the MP-PCASL scan(s) were then applied to the tagging module for the PCASL scan (single-shot spiral readout, TR=4100ms, TE=3.17ms, flip angle=90°, tag duration=2000ms, post labeling delay=1600ms, 30 tagged and 30 control image pairs for 60 volumes total, scan time=4:00min). Thus, the optimized PCASL scan was a conventional PCASL scan, but with added RF phase and gradient specifications ( Figure 1D ). Afterward, a 36-s scan (TR=4000ms, TE=3.4ms, NEX=9, with 90° excitation pulse turned off for the first 8 repetitions) was acquired to obtain the equilibrium magnetization of cerebrospinal fluid (CSF). 39 A 32-s minimum contrast scan (TR=2000ms, TE=11ms, NEX=2) using an 8-shot spiral acquisition was also acquired to estimate the combined transmit and receive coil inhomogeneities. [64] [65] [66] Finally, to correct for blurring in spiral images due to off-resonance fields, a B 0 field map was acquired (TR=500ms, TE1=6.5ms, TE2=8.5ms, flip angle=45°, scan time=1:16min). The acquired field map was then used for offline reconstruction of all ASL data using a k-space based fast iterative image reconstruction algorithm. 67 All images, except the TOF and T1-weighted data, were acquired at the same resolution: 24 cm FOV, 64×64 matrix, 20 axial slices 5mm thick with an in-plane resolution of 3.75×3.75mm.
A fast spoiled gradient recalled (FSPGR) sequence was used to collect T1-weighted images: 25.6cm FOV, 256×256 matrix, TR=8.1ms, TE=3.17ms, TI=450ms, flip angle=12°, 168 sagittal slices 1 mm thick with an in-plane resolution of 1×1mm, scan time=8:44 min.
Image Processing and Analysis
All image processing and analyses were conducted with the Analysis of Functional NeuroImages (AFNI) software, 68 FMRIB Software Library (FSL), 69 and Matlab (version 7.10; Natwick, MA). An in-house automated Matlab script utilizing AFNI and FSL tools was used to apply skull-stripping, motion correction, and slice-time correction to the images. 39 For each participant, all ASL images were coregistered to the first volume. Next, the average running difference between the tagged and control images was computed via surround subtraction (i.e., the difference between an image and the average of its 2 nearest neighbors) to yield a perfusion-weighted time series). 70 These uncorrected perfusion data in MR signal intensity units were then converted to calibrated CBF units (milliliters of blood/ 100 grams of tissue per minute) using an estimate of equilibrium magnetization of CSF as a reference signal from the 36-s CSF scan (see Image Acquisition above). 71 The perfusion images were also corrected for transmit/receive coil inhomogeneities by dividing the time series by the minimum contrast image obtained from the 32-s minimum contrast scan (see Image Acquisition above). 64 The time series was then averaged over time to yield a mean CBF value for each voxel. The anatomical images were then aligned to the CBF data and spatially normalized to Talairach 72 standard space in a template provided by AFNI. The matrix derived from transforming the structural images into standard space was then applied to the CBF data, which was subsequently resampled to 4×4×4 mm resolution. Any spurious negative values in the voxels were replaced with zero. 65, 73 Finally, a 4.0 mm full-width halfmaximum (FWHM) isotropic Gaussian filter was applied to all the voxels. 65, 73 Whole Brain Analysis
Regions of significant group differences (MDD versus HCL) were determined by performing a voxelwise 2-sample t-test on CBF values. Significant voxels were required to pass a voxelwise statistical threshold of t 49 =2.02 (p=0.05, uncorrected). To control for multiple comparisons at =0.05, we computed the minimum number of contiguous voxels passing the voxelwise threshold that would result in a clusterwise 5% probability of being due to chance using 10,000 iterations of Monte Carlo simulations based on an average whole brain mask created from all subjects (downsampled to 4×4×4 mm). According to our simulations, the cluster threshold was 20 voxels. For group comparison, mean regional CBF (rCBF) values were extracted from each of the clusters surviving this 20 voxel threshold.
Region-of-Interest Analysis
Since limbic, paralimbic, and striatal regions have shown divergent rCBF differences in adults with depression, we defined a priori regions of interest (ROIs) targeting these areas (all bilateral): amygdala, insula, and striatum. These 3 distinct bilateral ROI masks were generated by the AFNI Talairach Daemon atlas. 74 Since anatomical ROIs are often large, such that the truly active voxels make up a relatively small proportion of any anatomical ROI, we employed Monte Carlo simulations to correct for familywise error rates for each ROI mask separately. 75 Such clusterwise inference methods possess more power compared to methods that adjust false positive probabilities per voxel, while still capturing the spatial nature of fMRI signals and suffering from less multiplicity than voxelwise analyses. 75, 76 Regions of significant group differences (MDD versus HCL) within each ROI were determined by performing a voxelwise 2-sample t-test on CBF values. To correct for the number of ROIs, a Bonferroni correction was applied at the voxelwise level, such that significant voxels were required to pass a statistical threshold of t 49 =2.51 (p<0.0167, corrected). Thus, the cluster threshold was determined via Monte Carlo simulations that together with the voxelwise threshold resulted in an overall 5% probability of a significant cluster surviving due to chance across all three ROIs. According to our simulations, the cluster thresholds were 3, 5, and 4 voxels for the amygdala, insula, and striatum, respectively. For group comparison, mean rCBF values were extracted from each of the clusters that survived each respective ROI's cluster threshold.
Linear Mixed Effects Model With Anxiety as a Covariate
Additionally, we ran a linear mixed effects model with rCBF as the within-subjects factor (fixed effect), group (MDD v. HCL) as the between-subjects factor, participant as the random effect, and a comorbid diagnosis of an anxiety disorder as a dichotomous covariate. Significant voxels were required to pass a voxelwise statistical threshold of F 1,48 =4.04 (p=0.05, uncorrected). For group comparison, mean rCBF values were extracted from each of the clusters that survived the whole brain cluster threshold of 20 voxels (see Whole Brain Analysis, above).
Sociodemographic and Clinical Scales Analysis
Statistical analyses of all demographic and clinical scales were computed with R 77 and Matlab (version 7.10; Natwick, MA). Within the MDD group only, correlations between extracted mean rCBF values in the surviving clusters identified in the whole brain and ROI analyses and clinical data (i.e., BDI-II, CDRS-R, CGAS, MASC, age of onset, duration of illness, and number of depressive episodes) were examined using 2-tailed tests of Spearman's rank correlation coefficient (r s ).
Results

Sociodemographic and Clinical Scales
The MDD and HCL groups did not significantly differ in age (t 49 =1. Table S1 , available online.
Whole Brain Analysis
Twelve regions survived the analysis correcting for multiple comparisons (see Whole Brain Analysis under Method). Eight regions revealed significantly lower mean rCBF in the MDD compared to the HCL group: bilateral parahippocampual gyri/insula, right inferior frontal gyrus (IFG)/dorsolateral prefrontal cortex (DLPFC), right anterior cingulate cortex (ACC), right middle occipital gyrus, left inferior temporal gyrus, and bilateral cerebellum (see Table  1 and Figure 2 ). Four regions revealed significantly higher mean rCBF in the MDD compared to HCL group: right subcallosal cingulate, right putamen/lentiform nucleus (extending rostrally into the insula), and bilateral fusiform gyrus (see Table 1 and Figure 2 ).
Region-of-Interest Analysis
Five regions survived the analysis correcting for multiple comparisons (see Region-ofInterest Analysis under Method). Three regions revealed significantly lower mean rCBF in the MDD compared to the HCL group: right amygdala, and bilateral inferior insula (see Table 2 and Figure 3 ). Two regions revealed significantly higher mean rCBF in the MDD compared to the HCL group: right superior insula (BA13) and right putamen/lentiform nucleus (see Table 2 and Figure 3 ).
Linear Mixed Effects Model With Anxiety as a Covariate
Seven regions survived the analysis correcting for multiple comparisons (see Whole Brain Analysis under Method). Six regions revealed significantly lower mean rCBF in the MDD compared to the HCL group: right inferior frontal gyrus, right anterior cingulate cortex, right cerebellum, left insula, right cingulate gyrus, and left middle temporal gyrus (see Table S3 , available online). One region revealed significantly higher mean rCBF in the MDD compared to the HCL group: right putamen/lentiform nucleus (see Table S3 , available online). Five of these clusters overlapped with the whole brain results (see Figure S1 , available online): right IFG/DLPFC (73 overlapping voxels), right ACC (40 overlapping voxels), left insula (22 overlapping voxels), right putamen/lentiform nucleus (18 overlapping voxels), and right cerebellum (16 overlapping voxels). The directionality of perfusion differences between MDD and HCL within these clusters exactly matched the directionality of perfusion differences between MD and HCL in analogous clusters in the whole brain analysis, thereby suggesting that anxiety did not drive the differences found in our main findings.
Correlations Between rCBF and Clinical Characteristics (All Subjects With MDD)
No significant correlations were found between the clinical data and mean rCBF from the 12 clusters resulting from the whole brain analysis or the 5 clusters resulting from the ROI analysis (all p>0.05).
Correlations Between rCBF and Clinical Characteristics (Only Subjects With MDD Without Comorbidities)
Correlational analyses were also run among the MDD subjects without any comorbid diagnoses (n=12 
Discussion
In the present study, we employed a novel method of PCASLwith optimized tagging efficiency 39 on a large cohort of nonmedicated adolescents with MDD and well-matched HCL adolescents in order to assess baseline rCBF differences between these two groups. Our study yielded 2 main results. First, we observed significant hypoperfusion in the MDD relative to the HCL group within frontal, amygdalar, insular, cingular, and cerebellar regions. Second, we found significant hyperperfusion in the MDD compared to the HCL adolescents within the subcallosal cingulate, putamen, and fusiform gyri. Importantly, these results did not qualitatively change even when we controlled for comorbid anxiety disorders in our brain analyses (see Results for more details).
In our leading hypothesis, we predicted finding rCBF differences in frontal, limbic, paralimbic, cingulate, and striatal areas. More specifically, we predicted lower rCBF in the MDD group among frontal regions. Indeed, we observed hypoperfusion in the inferior frontal gyrus and dorsolateral prefrontal cortex (see Table 1 and Figure 2 ) in the MDD relative to HCL adolescents. These findings mirror previous PET, 5-9,78-83 SPECT, [84] [85] ASL [33] [34] [35] [36] work showing lower baseline frontal rCBF, as well as resting state BOLD 86, 87 data showing altered functional connectivity in dorsolateral prefrontal cortex at both rest 86 and during a cognitive task 87 in adults with MDD. Hypoactivity in frontal and prefrontal areas has been strongly linked not only to psychomotor retardation, [80] [81] [82] [83] but also to impaired executive functioning (e.g., attention, working memory, and decision making). [88] [89] Together with these studies, our results suggest that reduced perfusion in these regions may be associated with some of the cognitive and motor symptoms found in adolescent MDD.
As hypothesized, we also found rCBF differences in limbic, paralimbic, and cingulate areas between MDD and HCL adolescents (see Tables 1-2 and Figures 2-3 ). Our finding of hypoperfusion in the anterior cingulate cortex of adolescents with MDD is consistent with several perfusion 34-36, 81,84-85, 90-, , metabolism 91 , and resting state BOLD 15 studies of adult depression. On the other hand, our observation of hypoperfusion in the amygdala and insula is in partial contrast with some of the prior adult perfusion 33, 35 showing hyperperfusion in these areas, as well as resting state BOLD studies on adult [92] [93] [94] [95] 15 and adolescent depression failing to show altered connectivity differences. The disparity in our results may be due to differences in patient sample (e.g., age, medication status, comorbidities) or imaging technique (PCASL with optimized tagging efficiency). Nevertheless, the anterior cingulate cortex, amygdala, and insula have been shown to be involved in the processing of emotion and motivation; thus, dysfunction in these structures may underlie some of the core affective symptoms seen in major depressive disorder. [92] [93] [94] 15 It is therefore possible that our observation of hypoperfusion in these affective processing regions is a reflection of reduced motivation or feelings of anhedonia that are commonly present in adolescent depression.
Consistent with our second hypothesis, we also found significant hyperperfusion in the MDD relative to HCL group in the right subcallosal cingulate and right superior insula (see Tables 1-2 and Figures 2-3) . Our results in the subcallosal cingulate are substantiated by the current literature of adults with depression exhibiting hyperperfusion in this region during baseline, 7 ,32 as well as our previously published neuroimaging work on greater task-evoked activation in this region among adolescents with depression. 100 Given its anatomical connections to frontal, limbic, and paralimbic structures, 101 the subcallosal cingulate is thought to lie at the interface of cognitive and affective processing, such that aberrant functioning in this region leads to impaired emotion regulation. 7, 28 Indeed, several perfusion studies in adult MDD have demonstrated elevated baseline rCBF in the subcallosal cingulate during depressive relapse [102] [103] that decreases with remission, 104 effective antidepressant treatment, [105] [106] electroconvulsive therapy, 107 and deep brain stimulation. 29, 108, 109 Reduced glucose metabolism in the insula has also been shown to correlate with symptom improvement among adults with treatment-resistant MDD, 30 while increased insular activation has been reported in both healthy adults [110] [111] [112] and adults with depression 113 while experiencing exceptionally negative emotions. Similarly, BOLD rsfMRI studies in both young adults 17, 21 and adolescents [21] [22] [23] have shown altered functional connectivity in affective networks based within the subcallosal cingular area, particularly between paralimbic and limbic sites, including the insula, amygdala, and striatal structures. One possible interpretation of our results is that atypical hyperactivity in the subcallosal cingulate and superior insula leads to overreaction to and improper emotional regulation of negative stimuli during adolescent depression. However, more studies are needed to investigate how both hypo-and hyperperfusion within distinct parts of the insula relate to both adolescent and adult MDD.
Abnormally increased metabolism in the putamen and fusiform gyri in adult depression has been less frequently described. 35,114 ,115 However, some evidence for the role of these regions in affective processing in adult depression exists, including the involvement of the putamen in the processing of negatively valenced stimuli 112 and an observed increase in putaminal rCBF during acute depression 34 that decreases with remission. 102 More recently, one resting state BOLD study reported weaker functional connectivity between the ventral putamen and ventromedial prefrontal cortex in adults with MDD. 16 Task-based fMRI studies have also documented increased activation in the putamen in adult healthy controls, [115] [116] [117] as well as increased activation in the fusiform gyrus in adults with depression 113 and control [115] [116] [117] adults during viewing emotional stimuli. Similar to the current study, increased rCBF has also been observed in the fusiform gyrus of adults with depression at rest 114 . These results suggest that future work should investigate whether the putamen and fusiform are critical to adverse responses to negative stimuli in adolescents with depression and whether these regions are functionally connected to other structures involved in affective processing. 118 Lastly, our observation of cerebellar hypoperfusion in adolescents with MDD is consistent with emerging evidence that the cerebellum influences not only motor function, but also affective processing via connections to limbic structures. [119] [120] [121] [122] [123] Cerebellar lesions in both adults 124 and children 125 lead to psychomotor retardation, passivity, and a blunting of emotion that is behaviorally similar to depression and other mood disorders. PET data in adults with depression have also shown decreased cerebellar rCBF and lower brain activation at baseline. 126 Likewise, resting state BOLD fMRI [127] [128] [129] [130] has demonstrated altered cerebellar functional connectivity with parts of prefrontal cortex, [127] [128] [129] [130] cingulate cortex, 129, 130 temporal poles, 129, 130 and the fusiform gyrus. 128, 130 While more studies are needed to clarify the role of the cerebellum in major depression and mood disorders, our current results suggest that there are significant cerebellar differences between adolescents with MDD and healthy controls.
Along with several other perfusion studies on adult depression, [33] [34] [35] [36] 131 we did not find any significant correlations between mean rCBF and clinical data among our MDD group. When omitting MDD subjects with a comorbid anxiety disorder from our correlational analyses, however, we did find some significant associations between mean rCBF and clinical characteristics (see Results for more details). Although these results do seem to suggest that our study and prior studies [33] [34] [35] [36] 131 may not have found predictive relationships between mean rCBF and clinical data due to the homogeneity of MDD patients recruited, given the low number of subjects (n=12) and the total number of correlation tests run (7) performed for this analysis, these results must be viewed with caution.
Our results must nevertheless be interpreted in light of the study's limitations. As the present study is cross-sectional, we cannot address whether these perfusion patterns precede or are a product of adolescent depression. Future longitudinal studies are therefore needed to examine cerebral blood flow levels prior to the onset of adolescent depression and how they may normalize with recovery. Task-based studies could also be carried out in order to assess how perfusion patterns among these executive, affective, and motor networks differ between adolescents with depression and healthy controls when faced with emotional stimuli and/or cognitive tasks and to assess to what degree, if any, these perfusion patterns change. Correlating changes in regional CBF with performance on cognitive testing (particularly in the domains of memory, affect, and psychomotor function) outside of the scanner may also further elucidate how differences in these brain networks may be related to the clinical symptoms of adolescents with MDD. Functional connectivity analyses with perfusion data would also be immensely useful in ascertaining the distributed brain network that is affected by adolescent depression. Furthermore, longitudinal studies could assess how the strength of these network connections change in terms of blood flow during the progression of MDD. It should be noted that the optimized PCASL scan sequence presented in this paper was not long enough (4 minutes) for us to perform a functional connectivity analysis or examine time effects (beginning versus end of scan), as more acquisitions would have been needed to ensure adequate signal-to-noise ratio (SNR). In comparison to BOLD resting state fMRI, ASL perfusion imaging tends to yield lower SNR and necessitates a pair of volumes (tagged v. control) to produce a single CBF-weighted volume, hence requiring longer scan times. 132, 133 Despite these methodological limitations, the optimized tagging efficiency of our PCASL method yields high quality CBF images and establishes the use of a novel ASLbased method to noninvasively study perfusion in adolescent depression. Future studies could test our novel optimized PCASL method with a longer scan sequence in order to investigate functional connectivity differences between adolescents with depression and healthy adolescents (see Chuang et al., 2008, 134 Viviani et al., 2011, 133 and Liu et al.,
2013 135 for recent examples of functional connectivity analyses on pulsed and continuous ASL perfusion data using much longer scan times in adults). Finally, the absence of a comparator morbid group (e.g., anxiety disorders) in the present study restricts how much our findings can be generalized to adolescents with depression without comorbidities. While our voxel-based analyses controlling for comorbid anxiety suggest that anxiety did not contribute significantly to our brain results, future studies must nevertheless include comparator morbid groups to validate and replicate our observations.
The clinical implications of our findings suggest that patterns of baseline regional CBF within the fronto-limbic-cingulate-striatal-cerebellar network may be a candidate biomarker for adolescent MDD. Determining whether and how divergence of these rCBF patterns from that typical of healthy adolescents relates to depressive severity and other clinical characteristics of adolescent MDD could potentially assist in the early diagnosis, intervention, and potential prevention of this disorder. Additionally, since several antidepressants affect blood flow, 37, 38 rCBF could also be utilized to help determine potential therapeutic targets for treatment and to assess pharmacological effects. 105, 106, 136 Nevertheless, more research is needed to specifically link identifying patterns of perfusion with the clinical symptoms and behaviors that characterize adolescent MDD.
Our results establish the use of advanced ASL methods as a highly effective noninvasive neuroimaging tool for measuring baseline CBF in both adolescents with depression and healthy adolescents. Compared to techniques such as PET or SPECT, ASL enjoys the practical advantages of being noninvasive, is relatively straightforward to implement, and allows for repeated scanning safely within a single subject without the use of radioisotopes. BOLD fMRI is also noninvasive, but offers information that is subtly distinct from ASL: functional connectivity analyses of BOLD resting state data can be used to identify intrinsic networks in the brain, while ASL is able to show the base utilization of these individual network components (i.e., brain regions) by measuring actual blood flow. Interestingly, at least one study has shown no correlation between functional connectivity and mean perfusion levels, suggesting that both of these aspects of the resting state could potentially represent different brain markers. 133 However, the BOLD signal is not an absolute measure of brain function and is sensitive to vascular factors such as blood flow. Thus, the estimate of an absolute neurophysiological brain measure from ASL offers great promise as a noninvasive technique for detecting subtle changes in brain function for the purposes of diagnosis and treatment assessment in clinical research studies, particularly when used in conjunction with BOLD fMRI techniques. 13, 137 Relative to other ASL methods, PCASL has a higher test-retest reliability, 138 higher intrasubject SNR, 40 and lower intersubject variability 139 and consequently, has become progressively more popular among researchers wishing to noninvasively measure cerebral blood flow. 11, 109 Thus, as PCASL methods become more refined and widely available, their potential for clinical utility will continue to grow.
In conclusion, we used a novel method of pseudocontinuous arterial spin labeling that optimizes tagging efficiency and found abnormal hypoperfusion in executive, affective, and motor networks of the brain and abnormal hyperperfusion in areas supporting emotional regulation in a relatively large sample of medication-naïve adolescents with depression compared to a group of well-matched healthy controls. Combined with prior neuroimaging work on depression, our results suggest that dysfunction in these networks may contribute to the cognitive, affective, and psychomotor symptoms commonly present in adolescent depression. Finally, our study demonstrates the efficacy of pseudocontinuous arterial spin labeling in understanding adolescent major depressive disorder and advances the possibility of using such arterial spin labeling methods for clinical purposes in the future.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A graphical depiction of the prescans and pseudocontinuous arterial spin labeling (PCASL) scan in the optimized PCASL method. Note: See Image Acquisition under Method for more details). A series of time of flight (TOF) images were acquired to generate a high-resolution view of the main feeding arteries to the brain. The coordinates of the tagging plane and feeding arteries are then saved into a configuration file ( Figure 1A ). The spatial coordinates of the feeding arteries from the TOF scan are used to image the vascular territories via vessel-encoded arterial spin labeling (ASL) ( Figure 1B) . Lastly, up to 2 multiphase PCASL (MP-PCASL) scans are used to estimate phase tracking errors in each of the territory masks acquired from the vascular territorial imaging scan ( Figure 1C ). Note that the first MP-PCASL scan is used to measure the uncorrected phase errors while the second MP-PCASL scan is to verify that the errors are minimized after modulating the radiofrequency phase and in-plane gradients to the PCASL pulse train. If the phase tracking errors from the first MP-PCASL scan are less than 20°, then the second MP-PCASL scan is skipped ( Figure 1C ). The optimized global radio frequency phase and in-plane gradients determined by the MP-PCASL scan(s) are then applied to the tagging module for the PCASL scan ( Figure 1D ). LCA=left carotid artery; RCA=right carotid artery; VA=vertebral artery. From Shin et al.
Pseudocontinuous arterial spin labeling with optimized tagging efficiency. Magnetic resonance in medicine. Oct 2012;68(4):1135-1144. 39 Reprinted with permission from John Wiley and Sons. The voxel-based whole brain analysis revealed 12 clusters with significantly different regional cerebral blood flow (rCBF) levels in major depressive disorder (MDD) compared with healthy controls (HCL) (orange=increased, blue=decreased 
